Abstract. Curcumin has been revealed to inhibit liver cancer, however, no studies have reported that the mechanism of curcumin's action on liver cancer is related to damageassociated molecular pattern (DAMP) molecules heat shock protein 70 (HSP70) and the toll-like receptor 4 (TLR4) signaling. This study aimed to investigate whether the activation of TLR4 signaling by HSP70 could be inhibited by curcumin, thus investigating the possible mechanism of curcumin in the inhibition of liver cancer. Western blotting was used to evaluate the expression of the HSP70 and TLR4 in HepG2 cells and ELISA was used to detect the concentration of HSP70 in cell culture medium. A thermal tolerance HepG2 (HepG2TT) cell model was established to simulate HSP70 accumulation in the microenvironment. A certain concentration of curcumin was co-cultured with HepG2 and HepG2TT cells to observe the changes of HSP70 and TLR4. Our results revealed that heat stress significantly increased the expression of extracellular HSP70 (eHSP70) and TLR4 (P<0.01), but significantly reduced the expression of intracellular HSP70 (P<0.01). Curcumin inhibited proliferation, invasion, and metastasis of HepG2 cells, caused cells to remain in the DNA S phase, promoted apoptosis, and significantly reduced intracellular HSP70, eHSP70 and TLR4 levels of HepG2TT cells. Following the removal of curcumin, eHSP70 increased again. In summary, our results demonstrated that the antitumor effect of curcumin was related to the inhibition HSP70-TLR4 signaling.
Introduction
It has been widely reported that curcumin has anti-inflammatory, antimicrobial, antioxidant, antitumor, and even anti-neurodegenerative properties (1, 2) . The underlying mechanism involved in the effect of curcumin is not understood especially in liver cancer inhibition. However, activation of the NF-κB signaling pathway has often been associated with progression of liver cancer (3, 4) , and HSP70 can activate NF-κB by binding to the TLR4 receptor (5) . In addition, we revealed the anti-inflammatory effect of curcumin by decrease of plasma HSP70 levels in a rat model of thrombosis (unpublished data) therefore, we speculated that curcumin may have some interaction with HSP70.
The 'danger theory' (6,7) of immunology suggests that DAMPs are associated with inflammation, autoimmune disease, cancer, and a variety of diseases associated with aging (8) (9) (10) . Extracellular HSP70 is a typical DAMP (11), a pro-inflammatory molecule that causes the immune system of body to produce an immune response. Since many diseases associated with aging share a common origin and characteristics, such as genomic and epigenetic alterations, abnormal telomeres, inflammation and immune damage, a focus on DAMPs may reveal a new direction for disease research (8, 12) .
In the present study, we demonstrated that curcumin inhibited proliferation, invasion, and metastasis of HepG2 cells, caused cells to remain in the DNA S phase, promoted apoptosis, and decreased the level of extracellular HSP70 and TLR4 of HepG2TT cells. Heat stress increases extracellular HSP70, which is used to study the change of the TLR4 pathway induced by it. Cell destruction, death or apoptosis can lead to the release of HSP70 from the intracellular to the extracellular space (13) . The target of curcumin inhibition in liver cancer has not been clearly elucidated. This preliminary study revealed that curcumin could reduce extracellular HSP70 (DAMP molecule), and inhibit TLR4 signaling. Therefore, we deduced that the inhibition of liver cancer by curcumin was related to the inhibition of HSP70 and TLR4 signaling. Wound-healing assay. Cells were plated in 6-well plates and grown overnight to confluence. Monolayers of cells were wounded by manual scraping with a 10-µl pipette tip. Cells were rinsed with PBS and then treated with curcumin in serum-free medium at concentrations of 50 and 80 µM. Images were obtained at 0, 24 and 48 h after wounding under an inverted microscope.
Transwell migration assay. Experiments were performed using a 24-well Τranswell chamber (Corning Inc.). Briefly, 600 µl of RMPI-1640 complete medium containing 10% FBS was placed in the lower chamber. A total of 1x105 HepG2 cells in 100 µl medium were seeded into the upper chamber (pore size, 8 µm). Then, HepG2 cells and medium were transferred into the chamber with curcumin (final concentrations of curcumin were 50 or 80 µM); untreated HepG2 cells were used as controls. The chamber was then incubated for 24 h at 37˚C in a humidified atmosphere with 5% CO 2 . The membrane was removed and its upper surface was wiped with a cotton swab to remove cells that had not migrated through the membrane. The membrane was then fixed in methyl alcohol for 20 min at room temperature and then stained with 0.1% crystal violet for 15 min. The number of HepG2 cells that had migrated to the lower surface of the membrane were counted in 5 random high-power fields (HPFs) under an Olympus CKX41 light microscope.
Flow cytometric analysis of the cell cycle. The effect of curcumin on the cell cycle distribution was determined by flow cytometry. Briefly, HepG2 cells were seeded in culture bottles and treated with curcumin at 50 and 80 µM. Cells were harvested after 24 h and fixed at least 1 h with 70% ice-cold ethanol at 4˚C. Cells were washed with PBS and resuspended in 1 ml of PBS, and then stained with propidium iodide PI). Cells were analyzed by flow cytometry using a FACSCalibur flow cytometer (Becton-Dickinson; BD Biosciences, CA, USA). The fraction of cells in the G0/G1, S and G2/M phases were analyzed using ModFit software, which was provided by the Third Hospital of Central South University.
Flow cytometric analysis of cell apoptosis. HepG2 cells were seeded in culture bottles and treated with curcumin at 50 and 80 µM. Cells were trypsinized (Gibco; Thermo Fisher Scientific, Inc.) and washed with PBS. The samples were centrifuged for 5 min at 2,000 x g and the cells were harvested. The cells were resusupended in 500 µl of binding buffer, then stained with Annexin V-FITC and PI. The number of apoptotic cells was detected and analyzed using flow cytometry.
Western blot analysis. Total proteins were extracted in lysis buffer and quantified using the BCA method. Proteins (50 µg) were separated by SDS-PAGE (8 and 10%). Proteins were then transferred to polyvinylidene fluoride (PVDF) membranes, and the membranes were incubated overnight at 4˚C with the following antibodies: SPAG9 (1:2,000; cat. no. ab12331; Abcam, Cambridge, MA, USA), HSP70 (1:2,000; cat. no. 10995-1-AP; Proteintech Group, Inc., Chicago, IL, USA), TLR4 (1:1,000; cat. no. 66350-1-Ig; Proteintech Group) and β-actin (1:4,000; cat. no. 60008-1-Ig; Proteintech Group). After incubation with goat anti-mouse/anti-rabbit IgG (1:4,000; cat. no. SA00001-1/ SA00001-15; Proteintech Group) at 37˚C for 2 h, bound proteins were visualized using superECL plus western blotting substrate (Pierce; Thermo Fisher Scientific, Inc.). Blots were exposed to a radiographic film.
ELISA assay. Levels of HSP70 were detected in the supernatant of HepG2 cells using the Human Heat Shock Protein 70 ELISA kit (Cusabio Technology, LLC, Wuhan, China) according to the manufacturer's instructions.
Statistical analyses. Statistical analyses were performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). Data are presented as the means ± standard deviations. Statistical analyses were performed with two-way repeated measures ANOVA and two-way ANOVA. An LSD t-test was used in multiple comparison tests, and the statistical significance level was set at P< 0.05 (two-sided).
Results
Curcumin inhibits proliferation, migration, and invasion of HepG2 cells. In order to understand the effect of curcumin on cell proliferation, we performed a CCK-8 assay, which is a sensitive colorimetric assay using WST-8 dye to stain viable cells. The results revealed that curcumin inhibited the proliferation of HepG2 cells in a dose-and time-dependent manner (F=8.383; P<0.001) ( Fig. 1; Table I ).
To investigate the effect of curcumin on cell migration and invasion, we performed an in vitro wound healing assay. As revealed in Fig. 2A and B, significantly fewer cells had migrated into the scratched area in the curcumin-treated cultures than in the untreated samples after 24 h of culture. To investigate whether heat stress, which increases extracellular HSP70 concentration, would affect the invasive abilities of HepG2 cells, we performed the wound healing assay with HepG2TT cells. As shown in Fig. 2C -E, the migration of cells that had been subjected to heat stress was significantly slower in the curcumin treated group than in the untreated group after 24 and 48 h, but a concentration dependence was not evident. These results revealed that curcumin is an important inhibitor of migration and invasion in HepG2 and HepG2TT cells.
A Transwell migration assay also revealed that curcumin significantly inhibited the migration of HepG2 cells. There were significantly fewer cells per view in the samples treated with 80 µM curcumin than in cells treated with 50 µM curcumin (Fig. 3) .
Curcumin halts the cell cycle in the S phase and promotes apoptosis of HepG2 cells. Flow cytometry was used to
analyze the effects of curcumin on the cell cycle and apoptosis. Compared with untreated HepG2 cells, the percentage of cells in the S phase of HepG2 cells treated with 80 µM curcumin was significantly higher than in the untreated cells ( Fig. 4A and B) . The percentage of apoptosis in cells treated with both 50 and 80 µM of curcumin was significantly higher than that in the untreated HepG2 cells (Fig. 5A and B) .
Curcumin reduces the expression of HSP70 and TLR4.
Western blot analyses revealed that HepG2 cells express both HSP70 and TLR4 and that curcumin treatment decreased the expression of HSP70 and TLR4. Heat stress also significantly reduced the expression of HSP70 and TLR4. Curcumin downregulates the expression of intracellular HSP70 in HepG2 cells, but has the opposite effect in HepG2TT cells. Curcumin downregulated the expression of TLR4 in HepG2 cells, but had no effect in HepG2TT cells (Fig. 6A and B) . Table I . Curcumin inhibits proliferation of HepG2 cells in a concentration-dependent manner. The statistical significance level was set at P< 0.05. P, P-value; F, F-value. the changes of intracellular HSP70 were opposite to that of eHSP70, and the change of TLR4 expression was consistent with the change of eHSP70. After removing the effect of curcumin on HepG2TT cells, eHSP70 was recovered again (Fig. 7) . 
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Discussion
Curcumin is a polyphenol isolated from the traditional Chinese medicine turmeric rhizome which has a wide range of antitumor, anti-inflammatory, antioxidant, anti-atherosclerosis, and anti-depression activity (1,2), however, the underlying mechanism of curcumin action is controversial (15, 16) . We used a CCK-8 assay, an in vitro wound healing assay and a Transwell migration assay and confirmed that treatment of HepG2 cells with curcumin significantly inhibited proliferation, invasion, and migration in a concentration-dependent manner. Flow cytometric results revealed that the cell cycle was blocked in the S phase in cells treated with curcumin, and apoptosis was increased, although there was no statistical significance. Further study is warranted to confirm the results.
According to research, tumor cells can release HSP70 into the extracellular environment, and high levels of HSP70 are detected in the peripheral blood of patients with various types of tumors (17, 18) . High levels of HSP70 have also been detected in the sera of patients with cancer including those with liver cancer (18) . We also detected a high expression of HSP70 and TLR4 in cancer tissues of patients with liver cancer. Our previous study revealed that the serum HSP70 levels in patients with hepatitis cirrhosis, as well as in patients with liver cancer, were higher than normal (19) . These findings revealed that DAMP HSP70 is associated with the pathological process both of inflammation and cancer.
In this study, we found that HSP70 was excreted from HepG2 cells, TLR4 was expressed on the surface of HepG2 cells, and that heat stress increased the secretion of HSP70 into the HepG2 cell culture medium. As revealed in Fig. 6 , in heat-stressed cells, the levels of intracellular HSP70 were decreased compared with non-stressed HepG2 cells, indicating that heat stress can release HSP70 from cells and significantly increase eHSP70 (as shown in Fig. 7 ). Co-culture with curcumin in HepG2 cells significantly decreased eHSP70, however eHSP70 increased again after the removal of the effect of curcumin. We also observed that the expression of TLR4 in the cells, exhibited a concentration-dependent relationship, indicating that the increased expression of TLR4 in HepG2 cells was associated with eHSP70. Extracellular HSP70 is a typical DAMP (20) , and, like cytokines, it stimulates the expression of TLR4 receptors on the surface of immune and tumor cells (21) . When HSP70 engages TLR4, NF-κB is activated promoting the transcription of inflammatory genes including cytokines, chemokines, and growth factors. It has been previously reported that curcumin inhibits the transcription of NF-κB (22) , and the NF-κB pathway plays important roles in the occurrence and development of tumors (23, 24) . TLR4 is the receptor of eHSP70, therefore, inhibition of this interaction can indirectly inhibit NF-κB activation.
In summary, our results demonstrated that the HSP70-mediated activation of TLR4 signaling could be inhibited by curcumin, and the antitumor effect of curcumin was related to the inhibition of HSP70-TLR4 signaling, thus we speculated that curcumin inhibits the expression of TLR4 on the tumor cell by decreasing the levels of eHSP70, thereby inhibiting the NF-κB pathway initiated by TLR4 signaling. Our data provides a new research direction to reveal the anticancer liver mechanism of curcumin, supporting its further evaluation in liver cancer therapy, and the HSP70-TLR4 pathway may be a potential target for liver cancer therapy.
